Fish oil is an excellent source of omega-3 fatty acids and is easily susceptible to oxidation. Microencapsulation is a commonly employed technique to protect fish oil against oxidation. In the present study, the potential of chitosan in combination with bovine gelatin and maltodextrin as wall material for microencapsulation of fish oil by spray drying was evaluated. To improve the oxidative stability of the fish oil microencapsulates, oregano (Origanum vulgare L) extract was added at 0.50 g/100 g of emulsion. The spray-dried powder showed a moisture content of 2.8 -3.2 g/100 g of spray-dried powder. The powder contained spherical microparticles with different sizes as indicated by scanning electron microscope images. Encapsulation efficiency of microencapsulates ranged between 68.94% and 81.88%. Differential scanning calorimetry and Fourier-transformed infrared spectroscopy analysis of microencapsulates revealed the possible structural stabilization of core and wall material. The oxidative stability of fish oil microencapsulates were monitored under three different temperature (60°C, 28 ± 2°C, and 4°C). Incorporation of oregano extract minimized the generation of secondary and tertiary oxidation products as indicated by lower peroxide value and thiobarbituric acid reactive substance values compared to control. Overall, the results suggested that combination of chitosan along with bovine gelatin and maltodextrin as wall material improved the surface morphology of the microparticle and encapsulation efficiency, whereas incorporation of oregano extract in fish oil before spray drying enhanced the oxidative stability during storage.
Introduction
Fish oil represents a functional food ingredient, which contains important components for maintenance of good health and prevention of a range of human diseases via its beneficial effects on the heart, brain, and nervous system. [1] Autoxidation of polyunsaturated fatty acids (PUFAs) in fish oil leads to the development of oxidation products and limits the shelf-life of the foods. [2] It can be prevented by the addition of antioxidants, use of controlled storage conditions, and microencapsulation. Spray drying is one of the most commonly used techniques to protect fish oil against oxidation. [3] Spray drying offers many advantages over conventional drying methods such as freeze drying, extrusion, complex-coacervation, etc. However, only limited numbers of wall materials (such as maltodextrin or saccharose, milk or soy proteins, gelatin, and gum Arabic) are compatible with this technology. [4] Hence, there is a need to search new wall materials that can be used at high temperature and high evaporation conditions, which prevail in the spray-drying environment. Chitosan is one of the most abundant naturally occurring polysaccharides and structurally it is a β (1,4)-linked copolymer of D-glucosamine and N-acetyl-D-glucosamine. Several studies have highlighted application of chitosan as an antioxidant, antimicrobials, edible films, emulsion stabilization, and texture modification. [5] [6] [7] Despite several properties that make it attractive as an encapsulating material. Very few studies have been conducted using chitosan as a wall material for encapsulation. To increase the efficiency of microencapsulation, a combination of different wall materials are commonly used. [8] Although encapsulation itself prevents lipid oxidation, additional stabilization with antioxidants is required to ensure maximum protection during processing and subsequent storage of microencapsulated bioactive ingredients. The essential oil derived from plant or spices are rich in polyphenols and they act as an effective antioxidant for encapsulating fish oil. It has been reported that oregano essential oil extracted from Origanum vulgare L. has been shown to possess antioxidant, antibacterial, antifungal, and analgesic activities. [9] [10] [11] These activities are mainly due to the presence of two major phenolic compounds such as carvacrol and thymol. [12] Based on the above information, the present study was aimed to improve the structural and oxidative stability of fish oil microencapsulates using chitosan--bovine gelatin--maltodextrin with/without addition of oregano extract and to study the physiochemical changes of microencapsulated fish oil under different temperature condition.
Materials and methods

Raw materials
Fish oil (Seacod, Universal Medicare, Mumbai, India) was used for the preparation of emulsion and encapsulates. Fatty-acid composition of fish oil as determined by gas chromatography-mass spectroscopic (GC-MS) analysis indicated the following major fatty acids: C14:0-3.89%, C16:0-5.08%, C16:1-5.42%, C18:0-3.70%, C18:1(n7)-2.92%, C18:1(n9)-12.47%, C18:2-5.19%, C18:3-7.50%, C18:4-2.18%, C20:1-11.29%, C20:4-1.87%, C22:5-3.32%, C20:5-12.23%, and C22:6-11.12%. Chitosan was prepared from shrimp shell waste in the laboratory by the method of Nair and Madhavan. [13] The degree of deacetylation was found to be 90%. Bovine gelatin and maltodextrin procured from Himedia. Oregano extract containing 45% (w/w) essential oil was purchased from Synthite Industries Ltd. (Cochin, India). The chemical composition of oregano extract as determined by GC-MS analysis indicated the following major components: carvacrol (13.8%), thymol (11.6%), β-fenchyl alcohol (13.2%), and δ-terpineol (6.5%), γ-terpinene (10.5%) and α-terpinene (3.7%), 1-methyl-3-(1-methylethyl)-benzene (6.8%), and monoterpene hydrocarbons (25.2%).
Preparation of emulsion and spray drying
Fish oil and wall material were used at the ratio of 1:4. The composition of the emulsion was selected based on our previously reported results. [14, 15] Initially, chitosan was dissolved into the 1% aceticacid solution followed by other wall materials such as bovine gelatin and maltodextrin. After the complete dissolution of the wall material, the fish oil-oregano extract blends/fish oil were added to wall material slowly while stirring at 1000 rpm for 10 min using magnetic stirrer. Then, it was homogenized with a tissue homogenizer (Poly system PT 2100, Kinematica, AG) at 25000 rpm for 5 min. Three different emulsion formulations were made as follows: (i) fish oil + maltodextrin+ bovine gelatin (MGO), (ii) fish oil + chitosan + bovine gelatin + maltodextrin (CGM), and (iii) fish oil-oregano extract + chitosan+ bovine gelatin + maltodextrin (CGME). All the samples were kept at room temperature for stabilization of the emulsion for 1 h and then spray dried using a pilot-scale spray dryer (Hemraj Pvt. Ltd, Mumbai, India) equipped with a two-fluid nozzle atomizer under the following experimental conditions: inlet temperature 180°C; outlet temperature 90°C; spray flow feed nozzle diameter 1.5 mm; feed rate was maintained at 15-20 g/min; and air pressure 2.5 bar. The production yield of microencapsulates by spray drying was 62.5 ± 1.5%. Fish oil encapsulates prepared by spray drying were kept in air tight condition and stored at three different temperature: (i) accelerated temperature (60°C), (ii) room temperature (28 ± 2°C), and (iii) refrigerated temperature (4°C) for further analysis.
Characterization of microencapsulates
Particle morphology
Surface morphology of microencapsulates was evaluated by scanning electron microscope (SEM) (JEOL-JSM-7600F, Japan). Samples were uniformly spread onto double-sided adhesive carbon tape mounted on SEM stubs, coated with platinum using auto fine coater (JEOL-JFC-1600, Japan) in a vacuum and examined by SEM at 10 Kv with the magnification of 2000×.
Moisture content
The moisture contents of fish oil encapsulates were determined by the method of AOAC. [16] Hygroscopicity Hygroscopicity of microencapsulates was determined by the method of Cai and Corke [17] with slight modification. Approximately 0.5 g of each sample was taken in a preweighed petri-dish and was kept in a desiccator filled with saturated NaCl solution (75% RH) at 25°C. After a week, samples were weighed and hygroscopicity of the samples was determined.
Flow properties
The flow properties of microspheres were determined using bulk density (ρB) and tapped densities (ρT) measurements by the method of Chinta et al. [18] The cohesiveness of microencapsulates was evaluated in terms of Hausner ratio (HR). HR was calculated as described by Turchiuli et al. [19] Encapsulation efficiency Encapsulation efficiency (EE) was derived from the relationship between total oil and surface oil or free oil. Total oil was extracted from microcapsules by Soxhlet method. [15] Surface oil was extracted according to Sankarikutty et al. [20] . Encapsulation efficiency ratio was calculated as follows:
Color analysis The color of microencapsulated fish oil was measured using a Hunter-Lab Scan XE--Spectrocolorimeter (Hunter Associates Laboratory, Reston, USA) at D-65 illuminant and 10°o bserver. Results were expressed by CIE (Commission Internationale de L Eclairage's) color values [L*(lightness), a*(redness), and b*(yellowness)]. The instrument was calibrated using white and black standard ceramic tiles and the readings were recorded in the inbuilt software.
Differential scanning calorimetry analysis About 3-5 mg of microencapsulates were placed into differential scanning calorimetry (DSC) aluminum pans and equilibrated over saturated salt solutions in desiccators at 25°C until equilibrium were reached. The samples were then hermetically sealed with lids for analysis and weighed. The DSC analysis was performed in a TA-MDSC-2920(Ta Instruments, New Castle, De, USA) in an inert atmosphere (45 mL/min of N 2 ). Instrument calibration was carried out with indium (T melting = 156.6°C). Thermo-analytical curves were obtained by heating/cooling rate of the sample at 10°C/min at the temperature ramp of 20°C180°C under nitrogen atmospheric condition.
Fourier-transformed infrared spectroscopy analysis
The Fourier-transformed infrared spectroscopy (FTIR) spectra of encapsulates were recorded in a Shimadzu IR-Prestige-21 using diffuse reflectance assembly in the spectral range of 4500-400 cm
. About 1 mg of microencapsulates were mixed with potassium bromide (100 mg) in the ratio of 1:100 (w/w) and the reflectance spectra were recorded up to 64 scans with a resolution of 4 cm
. All the reflectance spectra were transformed to transmission spectra using the Kubelka-Munk algorithm.
Determination of oxidative stability Microencapsulated fish oil was packed in amber color bottle and stored at three different temperature: (i) accelerated temperature (60°C), (ii) room temperature (28 ± 2°C), and (iii) refrigerated temperature (4°C). Oxidative stability of microencapsulated fish oil stored under accelerated temperature of 60ºC was tested up to 7 days at 24-h interval. Microencapsulates kept at room and the refrigerated temperature was analyzed up to 4 weeks at 1-week interval. Lipid peroxides of microencapsulates were determined according to the method described by Shantha and Decker [21] and expressed in millieq.O 2 /kg. Thiobarbituric acid reactive substance ( TBARS) value was determined according to the method described by McDonald and Hultin. [22] TBARS was expressed in mg of malonaldehyde (MDA)/kg.
Statistical analysis
One-way analysis of variance (ANOVA) using Statistical Package for Social Science (SPSS) software version 16.0 (SPSS Inc, Chicago, IL) were carried out to evaluate the difference in the mean value (microencapsulates properties, color, PV, and TBARS). All mean separations were carried out by Tukey multiple range test using the significance level of 95% (P < 0.05). Statistical significance is indicated by appropriate letters within the figures and table.
Results and discussion
Moisture content and flowability of microencapsulated fish oil
The moisture content of the fish oil encapsulates ranged between 2.8 and 3.2%. The obtained results are in good agreement with those obtained previously (2.89-3.02%) for tuna oil powders. [23] There was a significant difference (p < 0.05) in moisture content between the samples. Moisture content was high in MGO followed by CGME and CGM. It might be due to the composition of emulsion used in the study. The flow properties are one of the important property in processing operations such as formulation, mixing, packaging, and storage. [24] Quality parameters like bulk density, tapped density, and HR have been used to assess powder flowability. [25] In the present study, the bulk density of the microencapsulates varied from 0.23 to 0.34 g/mL (Table 1) . Moreover, CGM and CGME had lower bulk density. Muzaffar and Pradyuman kumar [26] observed lower bulk density for spray-dried powder at higher inlet temperature (180°C). In the present study, similar inlet temperature (180°C) was followed which might be resulted lower bulk density of sample. Another possible reason for a decrease in bulk density is the increase in viscosity of the feed material. [27] Accordingly, fish oil emulsion of CGM and CGME had viscous nature than MGO. It might be due to combined mixture of chitosan and bovine gelatin. In the present study, fish oil encapsulates had an HR between 1.21 and 1.24. Based on the HR, the powder flowability is categorized as follows: 1-1. [18] Accordingly, in the present study, CGM and CGME were followed fair flowability. However, MGO had higher HR (1.33) which resulted in passable flowability. Results indicates that CGM and CGME have a better encapsulation of fish oil than MGO as indicated by powder flow properties and higher EE.
Encapsulation efficiency
Determination of free and encapsulated oil will provide the information of EE. EE is used to assess the quality of the dried microcapsules because it has an effect on oxidation sensitivity and flow powder properties. It also reflects the percentage of protection of oil droplets embedded within the wall material. In the present study, MGO had lower EE of 68.94%. However, CGM and CGME had an EE of 76.55%, 81.88%, respectively. In the present study, CGME sample had higher EE than CGM and MGO. Results confirm the structural stabilization of the wall material (chitosan-gelatin-maltodextrin) with polyphenols. Binsi et al. [15] observed similar results for fish oil microencapsulates produced with sage polyphenols. Vishnu et al. [28] reported that mixture of vanillic acid grafted chitosan and protein could improve EE of fish oil microencapsulates.
Hygroscopicity
In general, spray-dried products are easily absorb moisture from the surrounding air. Among the three microencapsulates, CGM and CGME had less hygroscopicity (3.45-4.96%) than MGO (6.86%). Results indicated that chitosan provided a good film forming properties along with maltodextrin and bovine gelatin which reduced moisture absorption. Moreover, CGM and CGME had higher EE than MGO. Higher hygroscopicity (6.86%) of MGO might be due to its higher moisture content. It has been reported that an increase in particle size leading to a reduction of total powder surface through which the water may be absorbed. [29] Surface morphology of microencapsulates Surface morphology of MGO sample showed spherical shape with shrinkage (Figure 1(a) ). It may be due to the composition of emulsion and also it could due to the lower encapsulated oil of MGO resulted in extensive shrinkage during the early stage of the drying process and vacuole formation during later drying period. [30] Microencapsulates prepared by spray drying had a maximum size of 15 µm, while the smallest size of 1.82 µm. Jeyakumari et al. [14] and Kolanowski et al. [8] observed spherical structure of microencapsulates with different sizes by spray drying of oil. Surface morphology of both CGM and CGME fish oil encapsulates showed individual spherical shape (Figure 1(b, c) ). It indicates stable structural interactions between chitosan-bovine gelatin-maltodextrin polymers. This is also confirmed from the higher EE of both the samples. Microparticle contained chitosan had smoother surface morphology than those produced without chitosan. The present results are consistent with previous studies reported for fish oil microencapsulates produced by spray drying. [31] [32] [33] Thermal behavior of microencapsulates DSC analysis will give the information on the physico-chemical changes of microcapsules during heating. The DSC analysis of MGO showed an endothermic peak at 76.12°C due to melting followed by decomposition (Figure 2(a) ). CGM showed two exothermic peaks at 52.84°C and 96.07°C followed by it showed melting peak at the temperature of 167.05°C (Figure 2(b) ). Similarly, CGME showed two exothermic peaks at 66.84°C and 96.23°C followed by it showed melting peak at the temperature of 167.15°C (Figure 2(c) ). It indicated that both CGM and CGME showed exothermic event with crystallization phase initially and melting with decomposition at later stages. The spray-drying process results in the formation of an amorphous or disordered crystalline phase due to the rapid drying of the droplets. [34] These endothermic events are characteristic of dehydration, whereas exothermic effects can be associated with crystallizations, oxidations, or some decomposition reactions. [34] Results indicated that lower thermal stability of MGO than CGM and CGME. There was no characteristic peak of wall material in the thermogram of fish oil microencapsulates. Results indicated that fish oil and wall material is completely dispersed in the microparticles. These results are in good agreement with that of previous studies related to encapsulation of fat-soluble compounds. [28, 35] 
FTIR analysis
FTIR spectroscopic analysis of encapsulate was carried out to understand the nature of the interaction between the wall material and fish oil. The stretching region of the hydroxyl group, -OH was shown in the band range of 3600-3200 cm −1 . The band at 3397-3405 cm −1 indicates the presence of hydroxyl group in the microencapsulates. The C-H peak appeared at 2923 cm −1 to 2926 cm −1 in the microencapsulates also observed in the pure fish oil at 2923 cm , respectively (Figure 3(a-c) ). The slight decrease in the intensity of the amide I band in the CGME spectra suggests a major conformational change by the presence of polyphenols. Furthermore, a more pronounced ester group was detectable at 1745 cm −1 in CGME than CGM, which might have resulted from the interaction of terminal carboxyl group of bovine gelatin/chitosan/maltodextrin with phenolic components [36] A major difference in the spectra observed at 2358-2360 cm −1 for CGM and MGO indicated the characteristics of the maltodextrin and bovine gelatin. However, it was found to absent in CGME. It might be occurred due to the merging of polymer with a phenolic group. A minor band shift from 3334 cm -1 in MGO, 3397 cm -1 in CGM toward a higher wavenumber of 3405 cm _1 was observed in CGME, suggesting a possible interaction between the wall polymers and oregano polyphenols. [37] The characteristic absorption of the chitosan is the band at 1559.17 cm , which could be assigned to the C-O stretching vibration, and to the NH 3 and COO -groups characteristics of the interpolyelectrolyte complex. [40] Other peaks observed were at 1153 cm
, 1027 cm -1 due to, C-O stretching of carboxylic acid and C-N stretching of amines, respectively.
Physicochemical changes of microencapsulated fish oil during storage
Changes in color value
Oxidation of fish lipids results in the formation of brown-color which leads to color changes in the product. Tristimulus color values of L*(lightness/whiteness), a*(redness), and b*(yellowness) are used as indices for the color changes in the food product during storage. Initial L* for MGO, CGM, and CGME was found to be 94.07, 88.95, and 79.65, respectively. The differences in the L* value may be due to the composition of emulsion used in the present study. L* value showed decreased trend during accelerated storage condition (Figure 4(a) ). A similar trend also observed in microencapsulates stored at room and refrigerated temperature (Figure 4(b, c) ). However, a lower rate of L* value was observed in microencapsulates stored under refrigerated condition. It may be due to the presence of oregano extract in the sample. Results showed that there is a significant difference (p < 0.05) in L* value with respect to storage days and between the sample. All the encapsulates showed a positive b* and a* value with increasing trend during storage which indicated that the progress of lipid oxidation in the microencapsulates. The present results are in good agreement with the previous reports for microencapsulates contained ginger essential oil/sage polyphenols. [14, 15] Klaypradit and Hugan [23] reported that reaction of chitosan with protein and sugar molecules might lead to a higher yellowness formation in the microencapsulated fish oil.
Changes in peroxide value
Fish lipids are susceptible to oxidation due to its unsaturation nature. Determination of peroxide value (PV) in food products indicates the amount of formation of hydro peroxides, i.e., primary lipid oxidation products. In the present study, PV values showed increasing trend during storage ( Figure 5(a-c) /kg, respectively. However, in CGME, the level of lipid hydroperoxide formation was lower. Results showed that there is a significant difference (p < 0.05) in PV between the samples with respect to storage temperature and days. It may be due to the antioxidant activities of phenolics compounds present in the oregano extracts. Results are in good agreement with previous reports for microencapsulates contained plant extracts and essential oil. [13, 41] It was observed that the rate of peroxidation was less in fish oil microencapsulates stored at room and refrigerated temperature which was comparable with standard specification value of 10 millieq.O 2 / kg value is accepted in oils and fats. [42] However, sample kept under accelerated temperature crossed the limit of acceptability on the 4th day and 5th day for MGO and CGM, respectively. The present results are in good agreement with an earlier report on the protection of microencapsulated fish oil with sage extract under accelerated condition. [15] Changes in thiobarbituric acid reactive substances TBARS assay is a useful tool in monitoring lipid peroxidation owing to its sensitivity and simplicity.- [43] Measuring secondary oxidation products is important in the determination of lipid oxidation in food products for human consumption because they are generally odor-active, whereas primary oxidation products are colorless and flavorless. In the present study, TBARS values showed increasing trend during storage (Figure 6(a-c) ). The higher rate of oxidation was observed for the sample stored under accelerated condition. TBARS value of 1-2 mg MDA/kg of fat is regarded as the limit for acceptability of fish and fishery products. [44] Results showed that MGO, CGM, and CGME reached the acceptable limit of TBARS values on 24 h, 48 h, and 96 h, respectively. Results showed that there is a significant difference (p < 0.05) in TBARS value between the samples with respect to storage temperature and time. It was observed that the levels of TBARS values were lower (0.55-1.5 mg MDA/kg) in the CGME which was stored under refrigerated condition than room temperature (3.2 mg MDA/kg) and accelerated condition (7.5 mg MDA/kg). Results suggested that incorporation of oregano extract in fish oil before spray drying could extend the protection of lipid oxidation. The present results are in good agreement with previous reports for fish oil microencapsulates stabilized with ginger essential oil and phenols. [14, 15] 
Conclusion
Fish oil its natural state has a taste and smells that makes it less attractive to consumers. Microencapsulation of fish oil helps in protecting the unsaturated fatty acids against oxidation and increases their shelf-life. However, the selection of wall material is most important because it determines the success of the microencapsulation process. In the present study, potential of chitosan as a wall material for improving structural and oxidative stability of fish oil microencapsulates was evaluated by incorporating polyphenol-rich oregano extract as an additional antioxidant. SEM analysis indicated that addition of chitosan along with bovine gelatin and maltodextrin improved the surface morphology of the microparticle and EE. DSC and FTIR analysis of microencapsulates revealed the possible structural stabilization of core and wall material. Oxidative stability studies indicated that incorporation of oregano extract in fish oil during emulsion preparation could reduce the lipid oxidation in microcapsules during spray-drying process and storage. Moreover, microencapsulated fish oil prepared in the study can be used as functional food ingredients for developing oxidative stable omega-3 fatty-acid-enriched food products.
